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A B S T R A C T
LiNi0.8Co0.1Mn0.1O2 (NCM811) is widely known for its extremely high specific capacity and relatively low cost,
which draws extensive attention worldwide. However, poor cycling performance and rate capability impose
restrictions on its large-scale practical application. Here we report that succinic anhydride (SA) as an additive in
carbonate electrolyte significantly enhances the cycling performance and rate capability of Li/NCM811 cells.
Capacity retention can reach 93.8% after 400 cycles at 1C rate by adding 3wt% SA, while the pristine one cannot
even endure 100 cycles. Moreover, rate capability can also be optimized to 82.4% of 5C/0.5C capacity ratio. The
improvement of electrochemical performance was attributed to the formation of a uniform conductive cathode
electrolyte interphase (CEI) layer upon particles. Our results confirm that firstly, the CEI formed by SA can
protect active sites on the surface of NCM811 from side reactions. Secondly, the uniform conductive CEI plays a
part in inhibiting severe polarization and local overcharge during long cycles. Moreover, the robust CEI layer can
suppress the internal cracks, prohibit the irreversible phase transformation and nickel element migration of
NCM811.
1. Introduction
Lithium ion batteries (LIB) have attracted the attention of re-
searchers owing to their advantages of high energy density, high power
density, long cycle life and no memory effect [1]. Up to now, they have
made great progress, especially in the field of portable electronic
equipment, hybrid electric vehicles (HEV) and pure electric vehicles
(EV) [2].
Range anxiety is a matter of great concern, while the solution is to
increase the energy density of the cell [3,4]. Amongst all the in-
gredients, cathode materials are a key contribution to the energy den-
sity of LIB [5]. At present, there are two main strategies to LIB cathode
materials for the purpose of increasing the energy density: one refers to
utilizing materials with higher working voltage, which is represented
by lithium nickel manganese oxide (LiNi0.5Mn1.5O4, LNMO for short)
[6]. The other one refers to utilizing materials with higher capacity,
represented mainly by LiNixCoyMnzO2 (x + y + z = 1, NCM for short)
of higher Ni contents exampled by Ni-rich oxide (NRO) [7]. Showing
higher capacity at normal charge/discharge conditions compared to
LNMO, NRO is becoming the most promising material for practical use
of high energy density LIB [8].
However, there are certain intrinsic defects according to consider-
able reports for NRO. First, its surface chemical property is unstable.
The surface of particles can easily form a passivation film composed of
massive Li2CO3 and LiOH under air ambient environment, which
greatly affects the electrode fabrication process and subsequent elec-
trochemical performance [9]. Second, structural stability is relatively
poor for NRO, especially NCM811. Due to the similar radius of Li+ and
Ni2+, the migration of Ni2+ to vacant Li+ sites can easily occur in the
delithiated state, resulting in irreversible phase transformation of the
material structure at abuse conditions, which degrades the subsequent
cycling performance of the material [10]. Moreover, the CEI formed
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under strong oxidized circumstance of Ni4+ is vulnerable for common
electrolyte solvent system, like the carbonate electrolyte [11]. The
formation of unstable CEI film at the interphase cannot effectively
prevent further contact between particles and electrolyte, thus con-
tinuously causing severe side reactions and erosion of surface active
sites. Furthermore, the inorganic lithium salts inside CEI, such as LiF
and Li2CO3, hinder the conductivity of lithium ions at the interphase,
resulting in poor rate capability [12]. In addition, at deep delithium
state, O2− from the material structure skeleton can escape irreversibly,
leaving empty sites, which is called oxygen loss [13–15]. The escaped
oxygen anion or even oxygen, which is highly active, can react with the
electrolyte, causing severe safety concerns and destroying the structure
of the material at the same time [16–18].
To improve the surface stability of NCM811, a common attempt is
the coating strategy. Han et al. coated the surface of NCM811 particles
with zirconium oxide to have the cycling retention of 93.2% at 0.1C
[19]. Besides, rate capability of the coated material has also been im-
proved compared to the pristine one. Cao et al. chose conductive
polymers which integrate excellent electronic conductivity of polyani-
line and high ionic conductivity of poly(ethylene glycol) for the surface
modification of NCM811 [20]. The result displayed better cyclic sta-
bility and lower transition metals dissolution amounts than that of
pristine NCM811. However, it is difficult to form a protective film with
moderately uniformity in thickness on the surface of particles [21,22].
On the other hand, to achieve cost-down and effectively-feasible,
introducing additive into electrolyte seems quite available. By doing so,
the additive molecules can spontaneously form a robust CEI on the
surface of cathode material during subsequent cycling, hence to im-
prove cycling performance of the cell [23–26]. Jang et al. used a li-
thium tetra(trimethylsilyl) borate to form a nanoscale artificial CEI
layer. As a result, cycling performance of the NCM811 cell was much
improved [27]. Kolja et al. introduced triphenylphosphine oxide into
the carbonate-based electrolyte to optimize capacity retention of the
NCM811 cell after 100 cycles, whereas the additive structure and cost is
rather complex and high, respectively [28].
In this work, we employed succinic anhydride (SA) molecules in Li/
NCM811 cells for the first time to be the functional additive, which is
simple in structure, cheap in cost and green for environment. By adding
3 wt% SA to the carbonate electrolyte (1.0M LiPF6 in ethylene carbo-
nate (EC) and ethyl methyl carbonate (EMC), 3:7 by weight), the ca-
pacity retention of Li/NCM811 cells can maintain 93.8% after 400 cy-
cles at 1C rate, and 5C/0.5C capacity ratio increased to 82.4% from
34.5% of the pristine one. By TEM and XPS characterization, we ob-
served a uniformly distributed CEI film on the surface of NCM811
particles, which was composed of an organic polymer with a lithium ion
diffusion benign conductor, thus contributing to the better rate cap-
ability. Circumstantial evidences from EIS and TEM results suggested
that the formed CEI with the SA additive can reduce the NCM811
surface activity. It can be speculated that with the help of a robust CEI
layer, NCM811 particles are protected from side reactions with elec-
trolyte and corrosion of hazardous compounds, which are believed to
jeopardizing surface active sites, causing material's crystal defects to
potentially lead to microcracks inside secondary particles and irrever-
sible phase transformation, migration of nickel element and consump-
tion of electrolyte solvents.
2. Experimental section
2.1. Preparation of electrodes and electrolytes
The NCM811 (LiNi0.8Co0.1Mn0.1O2) electrode (~10mg cm−2 active
material onto the aluminium current collector) provided by
Contemporary Amperex Technology Co., Limited (CATL, Ningde,
China) was punched into certain circular disks of 1.27 cm2. Lithium
metal (16mm of diameter, 2 mm thickness; from DoDoChem) was
chosen as the anode material. Besides, 2025-type coin cells were
fabricated with 100uL electrolyte and a single layer of separator
(Celgard 2400) in the argon-filled glove box with moisture and oxygen
levels less than 1 ppm.
1M LiPF6 was used as electrolyte salt, while the solvent was com-
posed of ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
(3:7 by weight; from DoDoChem). SA (succinic anhydride, 99%; from
Aladdin) was served as the electrolytic additive. The as-prepared elec-
trolyte was stirred until clear, sealed and set aside in the glove box.
2.2. Electrochemical measurements
Fabricated coin cells were charged/discharged galvanostatically at
0.1C (1C= 200 mAh g−1) for the initial 2 cycles and 0.5C/1C for the
subsequent cycles at the range of 2.8–4.3 V at 30 °C, measured by
LAND-V34 (Land Electronic Co., Ltd., Wuhan). The rate capability was
carried out at 0.2C, 0.5C, 1C, 2C, 3C and 5C for 5 cycles, respectively.
Galvanostatic intermittent titration technique (GITT) analysis was also
tested on LAND-V34, with a circulation of a 15min 20mA g−1 current
charging/discharging step and a 3 h relaxing step until reaching the
cutoff voltage. Electrochemical impedance spectrum (EIS) analysis was
performed on Princeton PARSTAT 2263 (USA) with a 5mV amplitude
and the frequency between 100 kHz and 10mHz. The corresponding
data analysis was executed by Solartron Zview software. Linear sweep
voltammetry (LSV) was tested on CHI600E (CH Instruments Ins., USA),
with the sweep scan rate at 1mV/s.
2.3. Material characterizations
Cycled NCM811 electrodes and lithium metal electrodes were har-
vested from the disassembled cells, then washed by dimethyl carbonate
(DMC) for 3 times to remove the residua before drying to vacuum. The
morphology of NCM811 electrodes and lithium metal were observed by
SEM (Hitachi S-4800, Japan). And the distribution of element on li-
thium metal was tested by EDS (Hitachi S-4800, Japan). Phase com-
ponents and transformation of NCM811 were detected by XRD (Brucker
D8, Germany) at a scan rate of 2° min−1 with Cu Kα radiation at 40 kV
and 40mA. The morphology and precise phase transformation of pri-
mary particles were carried out by TEM (JEM-2100, Japan). XPS (PHI-
5000 VB III, Japan) was executed to explore the components on the
surface of NCM811 and lithium metal, while the binding energy re-
ported herein was with reference to C 1s at 284.8 eV.
2.4. Calculation method
HOMO energy of SA, EC, and EMC were calculated by density
functional theory (DFT) using the method of B3PW91 in Gaussian 09
package, while the optimization of molecular geometric structure
adopted the basis set of 6–311++G(d, p).
3. Results and discussion
Table S1 shows characteristic physical properties of the SA additive,
whose molecular formula is presented in Fig. S1. Through Gauss fitting,
a relatively higher HOMO value of SA molecules is obtained at about
−6.45 eV, in comparison to −8.50 eV of EC and −8.20 eV of EMC,
which are the main component of current electrolyte solvent. Theore-
tically, when charging to a higher voltage, SA molecules will pre-
ferentially be oxidized to form products on the cathode surface [29]. As
shown in Fig. S1b, linear sweep voltammetry (LSV) curves indicated
that the current at about 4.0 V increased slightly when certain amount
of SA was added to the benchmark electrolyte, which is attributed to
the oxidation reaction of additive molecules. When charging beyond
5.6 V, the current value of the benchmark electrolyte group increased
abruptly, while that of the group containing SA still kept lower. It can
be suggested that SA can inhibit the decomposition of the electrolyte at
higher voltage, thereby improving the electrochemical window of
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electrolyte.
In this paper, we mainly discuss the effect of SA on the cathode
NCM811 material, whose basic parameters are shown in Figs. S2(a–d).
The bulk structure of the pristine NCM811 was characterized by XRD as
the hexagonal O3 phase, and the group structure belongs to R-3m. In
addition, the surface of particles was also arranged as a layered O3 type
crystal plane by HRTEM observation in Fig. S2d.
For the correlation between the relative content of SA and the
electrochemical performance of Li/NCM811 cells, data will be provided
in the simple design of experiment of SA with 1 wt%, 3 wt% and 5wt%,
respectively, and cycling at 0.5C (1C=200 mAh g−1) with lithium
metal as the anode material. At first, the fabricated cells were activated
at 0.1C for two cycles, and then cycling at room temperature at 0.5C.
The voltage range was set to 2.8–4.3 V, and the loading of cathode
active material was about 10mg cm−2, which approached the re-
quirements in the actual system. Fig. 1a shows the cyclic life of all
samples. With 3 wt% SA in the electrolyte, the cyclic retention can still
maintain above 90% after 250 cycles. It is implied that CEI with mild
thickness and uniformity may not be formed if the amount of SA was
insufficient (1 wt%, showing as orange balls in Fig. 1a). Therefore, it
was impossible to protect the active site on the material surface from
by-products of the electrolyte under high voltage and long cycles. On
the contrary, CEI formed with excessive SA (5wt%, showing as purple
balls in Fig. 1a) may be too thick, which hindered the conduction of
lithium ions between particles and the electrolyte, possibly causing
clear decrease of specific capacity. It is worth noting that the phe-
nomenon of “diving” occurred obviously without SA, that is, the spe-
cific discharge capacity of the cell was sharply plummeted after certain
cycles.
It can be speculated that the “diving” phenomenon was related to
the loss of active sites, serious polarization and solvent consumption.
Here we mainly discuss the improvement of Li/NCM811 cells by adding
3 wt% SA (abbreviated as the cell with SA) compared with the elec-
trolyte without SA (abbreviated as the cell without SA).
Comparing voltage profiles of different cyclic data from Fig. 1b and
1c, it can be seen that charge and discharge curves of the cell with SA
were basically identical, while the curve shifted sharply beginning from
50th cycle of the cell without SA. Indeed, large-scale loss of active sites
occurred without the presence of SA. It is apparently that SA can sig-
nificantly restrain the loss of active sites, thereby helping improve the
cycling performance of the Li/NCM811 cell. Fig. 1d and 1e exhibited
dQ/dV curves for specified cycles of cells, reflecting the shift of phase
transformation reactions (peaks) taken place in NCM811 during charge
and discharge process. These phase change reactions at the charging
process referred to the conversion from the first hexagonal phase (H1)
to the monoclinic phase (M), from the monoclinic phase (M) to the
second hexagonal phase (H2), and from the second hexagonal phase
(H2) to the third hexagonal phase (H3), respectively [10,30].
Fig. 1. (a) Cycling performance of Li/NCM811 cells at 0.5C after two formation cycles at 0.1C in the voltage range of 2.8–4.3 V with different amount of the additive
SA at 30 °C. Voltage profiles of selected cycles for cells (b) with 0 wt% SA and (c) with 3 wt% SA. (dQ/dV) curves of selected cycles for cells (d) with 0 wt% SA and (e)
with 3 wt% SA.
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Obviously, the corresponding voltage and area of these reactions
(peaks) for the cell with SA (in Fig. 1e) almost had no change along
with cycling. On the contrary, continuous displacement of reactions'
voltage and especially a drastic polarization after 100 cycles appeared
for the cell without SA, along with the reduce of reactions’ area (in
Fig. 1d). Accordingly, SA played an important role in maintaining the
structural stability of NCM811 during the electrochemical process by
suppressing serious polarization and maintaining the active sites.
In Fig. 2a, it is discernible that beyond 1C, the specific discharge
capacity still held steady for the cell with SA, and the 5C/0.5C capacity
ratio increased to 82.4% from 34.5% compared to the cell without SA.
It is clear that SA can help enhance the rate capability of the Li/
NCM811 cell. Moreover, cycling at 1C, it can be found that the specific
discharge capacity remained a capacity retention of 93.8% even after
400 cycles, as shown in Fig. 2b. On the contrary, the “diving” phe-
nomenon happened much earlier during cycles at 1C for the cell
without SA, accompanying with the coulombic efficiency (CE) decrease
(showing as black hollow dots in Fig. 2b), demonstrating that SA
greatly improved the ability to endure larger current cycling and pre-
vented the loss of active sites.
EIS is currently widely used to study the interphase properties be-
tween electrodes and the electrolyte [31–33]. Fig. 3a–c exhibit Nyquist
impedance plots for NCM811 cells after 2, 50 and 100 cycles at 1C,
where the semicircular of the high frequency region corresponds to the
interphase film impedance (Rf) (equals to CEI impedance), and the in-
termediate frequency region corresponds to the charge transfer im-
pedance (Rct) across the particle surface [34,35]. The equivalent circuit
is presented in Fig. S3, and fitted values of different cycles are displayed
in Fig. 3d. The larger Rf value was originated from the formation of CEI
in the early cycles (in Fig. 3a). More importantly, the Rf value remained
stable after 50 cycles (in Fig. 3b) and 100 cycles (in Fig. 3c) for the cell
with SA, and the Rct value was keeping relatively low. On the contrary,
Rf and Rct value reached much higher after 100 cycles for the cell
without SA. These results suggest that SA-related CEI is beneficial to the
interfacial stability, so as to indirectly preventing NCM811 from sub-
sequent side reactions. The CEI consisting of SA also facilitates the
charge transport at the interphase, which promotes kinetic performance
of NCM811 cells.
However, Rf and Rct value are jointly contributed by CEI and the
solid electrolyte interphase (SEI) upon the lithium metal in the full cell
[36]. In order to investigate the improvement effect of SA on NCM811
and the lithium metal separately, the tool of “symmetric cell” was
employed, that is, both the working electrode and the counter electrode
were setting identical, in order to distinguish the interaction between
the cathode NCM811 electrode and the anode lithium metal [36–38].
The concrete preparation method and the results are listed in Fig. S4. It
can be seen that an abrupt increase of Rf and Rct value happened at the
interphase of NCM811 rather than lithium metal after cycles without
the presence of SA. In other words, SA mainly helps form and regulate a
stable CEI to suppress impedance boost, therefore stabilizing the cycling
performance and rate capability of Li/NCM811 cells.
Galvanostatic intermittent titration technique (GITT) was carried
out to verify the role of SA in kinetic properties improvement from the
above. In Fig. S5, the diffusion coefficient reflects the overall lithium
ion transport rate during cycles in the NCM811 cell [39,40]. At the
initial stage of 3rd cycle, the formation of CEI by adding SA was not
fully completed, and the diffusion coefficient of lithium ion stayed
lower (in Fig. S5a). As the cycles progressed, the diffusion coefficient of
lithium ion increased to a higher and stable value (average DLi+ is
10−10.0 cm2 s−1) at 100th cycle than that of the cell without SA
(average DLi+ is 10−11.5 cm2 s−1) (in Fig. S5c), which manifests that
CEI formed by SA was beneficial to promoting the kinetic properties of
NCM811 during cycles. In addition, the drastic polarization at 100th
cycle without SA led to a significant reduction in the specific charge
capacity (in Fig. S5c), bringing about the deterioration of interfacial
properties, for instance, Rf and Rct increasing. It is well known that an
increase in polarization will cause uneven voltage distribution upon
NCM811 particles, leading to locally overcharged especially at elevated
current density, which probably results in a large consumption of
electrolyte solvent due to severe side reactions at higher voltage. Fur-
thermore, the CEI without SA cannot effectively shelter the surface of
NCM811 from side reactions, thus causing massive loss of active sites,
which accounted for the “diving” phenomenon at the macro level in the
cyclic capacity plots in Fig. 1a and 2b.
Fig. S6 presents XRD patterns at the fully discharged state (2.8 V)
after 100 cycles. Taking the landmark diffraction peak (003) as an ex-
ample, a considerable negative peak position shift can be observed, as
well as a broaden tendency of full width at half-maximum (FWHM) for
the cell without SA. In contrast, the position and FWHM of (003) dif-
fraction peak were substantially unchanged at the same stage after 100
cycles for the cell with SA. In combination with refinement results (in
Table S2), it can be concluded that SA involvement correlates to helping
reduce the change of the average lattice parameter c associated with Li
slabs, which is a key factor to Li+ intercalation and deintercalation
through the material [8,10,41]. Moreover, the crystal volume was
keeping stabilized upon cycles for the cell with SA, indicating that SA
involvement is beneficial to maintain structural stability of NCM811.
From the perspective of materials morphology, particles of the cell
without SA after 100 cycles were seriously covered with thick layers
consisting of side products from reactions on the surface, as shown in
Fig. S7. Besides, the breakage of many secondary particles happened for
the cell without SA, which are marked in red circles, possibly due to
defects on the crystal boundaries caused by side reactions [42]. On the
contrary, particles of the cell with SA at the same state maintained
original morphology and kept tight. The results suggest that SA addition
is promotive to the NCM811 particles’ strength under electrolyte at-
tacking after long cycles.
Cross-sectional polisher technique (CP) uses argon ion stream to cut
particles in order to acquire the cross-sectional information [43]. It can
be observed that after 100 cycles, much more internal cracks within
secondary particles of the cell without SA appeared as shown in
Fig. 4a–c, while such defects of the cell with SA were clearly alleviated,
showing in Fig. 4d–f. Due to continuous side reactions and microstress
by deep delithiation, internal cracks formed and developed across en-
tire secondary particles during cycles without the protection of SA [44].
Comprehensively, robust CEI formed by SA avoided the direct contact
between NCM811 particles and electrolyte, thus inhibiting side
Fig. 2. (a) Rate capability of Li/NCM811 cells in the voltage range of
2.8–4.3 V at 30 °C, and charge and discharge current keep the same rate. (b)
Cycling performance of Li/NCM811 cells at 1C rate in the voltage range of
2.8–4.3 V at 30 °C, and the hollow dots correspond to coulombic efficiency.
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reactions at the interphase and reducing internal cracks. Similarly, it is
also indicated that CEI of the cell without SA (mainly contributed by
EMC and EC) had weaker protective effect on NCM811 particles’ sur-
face. Furthermore, the corrosive effect of HF, which originated from
hydrolysis of LiPF6, could invade secondary particles along the crystal
boundary as well [45]. Afterwards, the exposed primary particles could
react with electrolyte continuously, leading to dissolution of transition
metals, consumption of electrolyte and expansion of microcracks
[16,46,47]. Since surface active sites have been jeopardized, the in-
terfacial impedance would increase and the polarization became ser-
ious, which eventually degraded the cycling performance and the rate
capability of Li/NCM811 cells.
It is well-known that phase transformation usually occurs on the
particle outer surface in the beginning [35,42,48]. In order to obtain
results and recognize the SA influence, it is necessary to establish ef-
fective observation for the particles' surface. Nevertheless, XRD data
and SEM images above either describe only the average bulk phase or
fail to get high resolution information of the NCM811 particles, there-
fore accurate surface information cannot be obtained, such as phase
transformation, composition, element distribution, etc. To observe the
surface information and investigate the structural evolution of primary
particles, high-resolution TEM characterization was carried out. Results
are shown in Fig. 4g-l, which corresponded to NCM811 electrodes after
100 cycles. From the dark-field transmission profiles, there are many
point defects in primary particles of the cell without SA (Fig. 4g), which
may be related to side reactions and HF corrosion, indicating the CEI
without SA has weaker protective effect on NCM811 once again.
However, almost no defects appear for the cell with SA (Fig. 4j), which
further explains the role of SA in maintaining the structural stability of
NCM811 particles. Subsequently, non-uniform CEI fragments were
distributed loosely on the particle surface without SA, marked as red
fine dashed boxes in Fig. 4h. Meanwhile, two measured values
0.486 nm and 0.491 nm with respect to fringe spacing, as well as 90°
lattice plane angle in Fig. 4i, match (111) crystal plane of the cubic
spinel structure (Fd-3m point group), together with much stacking fault
marked as yellow dashed boxes. While in Fig. 4k, a uniform CEI layer is
clearly observed at the help of SA, with a mild thickness at about 5 nm.
According to Fig. 4l, the distance value between crystal plane still keeps
at 0.244 nm, as well as the lattice plane angle at 64.7°, match (101)
crystal plane of the hexagonal layered structure (R-3m point group),
nearly the same as pristine NCM811 before cycling (Fig. S2d). It is the
CEI layer formed by SA that suppressed surface defects and structural
evolution, while the latter is regarded as an irreversible phase trans-
formation from the hexagonal layered structure to the disordered cubic
spinel structure, which can bring about decay of cells’ performance.
The EDS data (Fig. S8 and Table S3) shows that a small quantity of
transition metals has been detected on anode lithium metal for the cell
without SA, while less amount was detected for the cell with SA,
especially Ni element. Besides, results from XPS measurement (Fig. S9)
on the lithium metal surface also indicated more nickel element for the
cell without SA. In general, CEI formed by SA can effectively restrain
the migration and deposition of transition metals, especially nickel
element from the cathode NCM811, which again verified its role in the
structural stability protection of NCM811 particles [49,50].
With regard to specific compositions of CEI, XPS measurement was
employed. Fig. 5a–d present C 1s and O 1s spectrums on the surface of
NCM811 particles after 100 cycles. It can be observed that new signal
peaks emerged around 291.0 eV from C 1s spectrum, and around
534.5 eV from O 1s spectrum for the cell with SA. After peak indexing,
these appeared signal peaks are attributed to polycarbonates, which is
mostly like to be the reaction product of SA [51]. In the meantime, the
signal peaks of C-Li (around 284 eV) and Li-O (around 529.5 eV) were
detected for the cell without SA, but not for the cell with SA, indicating
that CEI formed by SA had a certain thickness to shelter active lithium
ions [45,51]. Besides, from the Ni 2p spectrum in Fig. S10, Ni2+/Ni3+
signal intensity ratio of the cell without SA was higher than that of the
cell with SA. It is speculated that more Ni3+ was oxidized to Ni4+
during the charging process to increase the surface oxidative activity.
On account of serious internal cracks, electrolyte can easily contact the
particle surface and be oxidized. As a result, the electrolyte solvent was
consumed rapidly, and Ni4+ was reduced to Ni2+ in the meantime
[52]. Subsequently, the surface structure of particles was degraded due
to Li+/Ni2+ mixing, which caused the blockage of lithium ion trans-
portation channels in NCM811 and the decay of the cell performance
[10,48,53].
In the following, we interpret the protection mechanism of SA in
detail. As shown in Fig. S11, it can be found that there was no CEI layer
on the NCM811 particles when the NCM811 electrode aged in the SA
Fig. 3. Nyquist plots of Li/NCM811 cells after (a) 2 cycles, (b) 50 cycles and (c) 100 cycles. (d) Fitted resistances from (a–c), according to the equivalent circuit in Fig.
S3.
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electrolytic solution without being cycled, while the formation of the
uniform CEI took place after cycles, as shown in Fig. 4k. Hence, it can
be assumed that the uniform CEI layer formed underwent several
electrochemical cycling. When charging to higher voltage, large
amount of lithium vacancies will exist in Li slabs [53,54]. And Ni atoms
from transition metal slabs would prefer to exchange with these va-
cancies so that the system energy decreases, causing structural re-
arrangement and irreversible phase transformation [8,10]. Generally,
structural rearrangement from the layered Li-deficiency phase (H3) to
the cubic spinel phase is regarded as an irreversible process, and gra-
dually evolved from surface to inner [7,30,53,55]. The performance of
Li/NCM cells will be greatly improved if keeping the structural stability
of NCM811 at the highly charged state. On the one hand, CEI formed by
SA preserves active sites from side reactions. On the other hand, the CEI
layer will trigger a small polarization (about 0.05 V) so as to alleviate
the irreversible transformation degree from H2 phase to H3 phase,
though little capacity disappeared and CE reduced on the basis of
Fig. 6a and b. In situ XRD characterization was performed on the first
cycle, and results are shown in Fig. S12. Taking (003) diffraction peak
as an example, it can be discovered that this peak moved more posi-
tively during the first charging process for the cell without SA, which
means H2 phase transforming to H3 phase to a great extent from Fig. 6c
and d, in accordance with dQ/dV curves in Fig. 6b. Under the protec-
tion of SA at the Li-deficiency state, the formation of spinel phase can be
substantially suppressed, thus improving the electrochemical perfor-
mance on account of reservation of most active sites. And in situ XRD
results coupled with dQ/dV curves also prove that local overcharge and
severe polarization of the NCM811 surface can be greatly restrained.
Beyond that, since SA is an acid anhydride compound, it can quickly
react with trace water in the electrolyte, thereby mitigating the hy-
drolysis reaction of LiPF6. It can be deduced greatly to suppress the
generation of HF and keep the surface structure stable [45,56]. This
Fig. 4. Cross-sectional images of the NCM811 electrodes after 100 cycles from (a–c) the cell without SA and (d–f) the cell with SA. Darkfield TEM images of particles
after 100 cycles from (g) the cell without SA and (h) the cell with SA. HRTEM images along the [001] zone axis of particles surface from (h) the cell without SA and (j)
the cell with SA. FFT images were shown in the lower right corner of (i) and (l) transformed from dashed square boxes of (h) and (k), and IFFT images (i) and (l) were
enlarged views of dashed square boxes of (h) and (k).
C.-G. Shi, et al. Nano Energy 65 (2019) 104084
6
speculation has yet to be confirmed by subsequent experiments.
In summary, specific functional effects of SA are as follows, and the
mechanism of CEI formed by SA can be illustrated schematically in
Fig. 7. Firstly, forming a uniform and mild thick CEI layer on the surface
of NCM811 cathode, protecting surface active sites from consuming and
corroding of the electrolyte side products, preventing secondary parti-
cles from internal cracks and transition metals from dissolution. Sec-
ondly, composed of organic polymers, the stable CEI enhanced the li-
thium ion transportation at the interphase, facilitated the transmit of
lithium ions and improved the rate performance of the cell. Finally, the
Fig. 5. XPS spectra of (a) C 1s and (b) O 1s for NCM811 electrode after 100 cycles from the cell without SA, and (c) C 1s and (d) O 1s for the NCM811 electrode after
100 cycles from the cell with SA.
Fig. 6. (a) Voltage profiles of 1st cycle. (b) dQ/dV curves during 1st charging and discharging process. In situ XRD contour maps over the range of 17.2–20.0° of
NCM811 electrodes during 1st cycle of (c) the cell without SA and (d) the cell with SA.
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severe voltage polarization of NCM811 was reduced, which avoided the
local overcharge of the surface and restrained the decomposition of the
electrolyte. Side reactions of the electrolyte were also restrained, pre-
venting the excessive consumption of the electrolyte.
As for the mechanism research on the molecular level of SA, it needs
to be supported by other means of characterization. And we will try SA
in other cell systems soon afterwards.
4. Conclusion
An optimal additive amount (3 wt%) of SA in the carbonate elec-
trolyte could greatly improve the cycling performance and rate cap-
ability of Li/NCM811 cells. Capacity retention can reach 93.8% after
400 cycles at 1C rate and rate capability can also be optimized to 82.4%
of 5C/0.5C capacity ratio at a high mass loading of 10mg cm−2.
Moreover, the addition of SA effectively prevented the “diving” phe-
nomenon happened in the actual system. It is speculated that SA con-
tributed to form a uniform and robust CEI layer on the surface of
NCM811 particles, which mitigated polarization at high voltage to
avoid the possible local overcharge and severe polarization of the in-
terphase. Moreover, the stable CEI formed by SA consisting of organic
polymers can facilitate the transport of lithium ions, which enhanced
the rate capability of Li/NCM811 cells. On the other hand, the robust
CEI prevented active sites from side reactions associated with electro-
lyte. Besides, internal cracks, irreversible phase transformation and
migration of NCM811 particles can be greatly suppressed with a robust
CEI. The key findings of this work provide a feasible and practical so-
lution for the commercial NCM811 application challenge.
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